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Abstract 
In this paper the performance of the following retrofit actions on an existing historical public building were dynamically 
simulated by using the simulation software TRNSYS: a) utilization of thermostats for indoor air temperature control with 20°C 
and 18 °C as target temperatures; b) increment of current thermal insulation of opaque walls and windows; c) replacement of the 
current diesel-fired boiler with a natural gas-fired condensing boiler. The simulation results were analyzed from both energy and 
economic point of views in order to assess their energy saving potential and economic suitability. 
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1. Introduction
The energy consumption of buildings in the European Union is about 40% of the total energy demand [1]. In
particular, in the building sector, most of the energy is consumed by existing buildings, while the replacement rate of 
existing buildings with new ones is only around 1.0-3.0% per annum [2-5]. The European Community has issued 
several directives, inviting the Member States to adopt actions capable of improving the energy performance of 
existing buildings, especially those of public services or used by the general public. Moreover, a lot of Italian 
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constructions are characterized by historical-artistic values and therefore protected as Cultural Goods. In order to 
reduce energy consumption, efficient renovation policies and refurbishment actions on historic building retrofitting 
are needed. In current literature, there is a significant amount of research that has been carried out to develop and 
investigate different energy efficient opportunities in order to improve the energy performance of existing buildings 
[2, 5, 6, 7]. The results highlight how energy use in existing buildings can be significantly reduced through 
appropriate retrofitting or refurbishment measures [2, 5, 6, 7]. However a review of the current scientific literature 
shows a substantial lack of studies that specifically focus on historical building retrofitting and refurbishment actions 
[5]. Moreover, traditional energy assessments generally focus on the life cycle primary energy [1, 6], while the 
economic analysis is generally performed by considering only the operating costs (without analyzing the associated 
capital costs). In this paper, the energy and economic impact of several retrofit actions on an existing historical 
public building is evaluated in terms of primary energy saving and simple pay-back period. The study focused on a 
portion of the Abbey of San Lorenzo ad Septimum, that is located in Aversa (southern Italy) and houses the 
Department of Architecture and Industrial Design “Luigi Vanvitelli” of the Second University of Naples. The 
analysis was limited to the heating season and was aimed at both proposing a general operational methodology as 
well as highlighting a best-practice for the Italian territorial context, which has several historical buildings that 
require restoration. The primary energy consumption and operating costs associated to the current operation (without 
retrofit actions) of both the space heating system and lighting appliances of the portion of the Abbey under 
investigation were evaluated only during the heating season, based on a field survey as well as the data from the 
manufacturers. The current performances were compared with those achievable by adopting several retrofit actions 
regarding both the space heating system as well as the building envelope; the primary energy consumption and 
operating costs of the building with the proposed retrofit measures were calculated based on the simulation results 
obtained by using the whole-building dynamic simulation software TRNSYS [8]. Both the energy and economic 
comparisons were carried out according to the Italian scenario. The performed comparison among the current status 
and the possible future scenarios allowed to evaluate the potential benefits in terms of primary energy saving and 
operating costs reduction of each proposed retrofit action. 
2. Current energy and economic performance of the building during the heating season
The Abbey of San Lorenzo ad Septimum was built at the end of tenth century along the consular street named
“Via Campana” and represents the result of three centuries of history. In this paper, only a portion of the Abbey was 
studied. In particular, three main parts of the historical building composed of three floors each were analyzed: 1) the 
nineteenth-century section; 2) the west wing; 3) the east wing. The nineteenth-century section houses 2 classrooms 
and 1 library, with a total volume of 5432 m3 and a floor area equal to 302.0 m2; the west wing houses 5 classrooms, 
with a total volume of 7188 m3 and a floor area equal to 517.7 m2; the east wing houses 5 classrooms and 6 
bathrooms, with a total volume of 4483 m3 and a floor area equal to 474.0 m2. During the heating season the 
portions of the Abbey under investigation are heated by using an hydronic system, where hot water for space heating 
is produced by means of a diesel-fired boiler (model BALTUR TECHNOX3 370 TS [9]); according to the 
manufacturer’s data, the nominal thermal efficiency of the boiler ηB can be calculated as a function of the thermal 
output of the boiler Pth,B by using the following equation: 
,-0.001 0.957B th BPη = ⋅ + (1)
Hot water is heated to a preset temperature and circulated towards several fan-coils distributed throughout the 
building by means of pumps and insulated tubes; 96 fan-coils are installed with a nominal heating capacity at a 
medium fan velocity ranging from 2.6 and 3.0 kW each and nominal electric consumption at a medium fan velocity 
in the range of 27÷45 W each. The lighting of the portion of the Abbey under investigation is currently obtained by 
means of 621 fluorescent sources with a nominal electric consumption ranging from 55 W up to 200 W each. The 
building is not equipped with a system for space cooling. The total primary power Pp,current consumed by the portions 
of the Abbey under investigation in the current status (without retrofit actions) only during the heating season was 
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calculated based on a field survey and manufacturers data as the sum of primary power consumed by the boiler 
(Pp,B), the fan-coils (Pp,FC) and lighting systems (Pp,L) by using the following formula: 
( )
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where Pth,FC,i is the nominal thermal output of the single i-th fan-coil (calculated for each model based on the 
manufacturer’s data at medium fan velocity), Pel,FC,i is the nominal electric power consumed by the single i-th fan-
coil (calculated for each model based on the manufacturer’s data at medium fan velocity), Pel,L,j is the nominal 
electric power consumed by the single j-th fluorescent lamp, ηB is the nominal thermal efficiency of the diesel-fired 
boiler (calculation based on Eq. 1), ηel is the average electric efficiency associated to the Italian electricity 
production system including transmission and distribution losses (assumed equal to 0.461 according to the Italian 
scenario [10]), ηem is the emission efficiency of the heating system (assumed equal to 0.960 according to the 
Standard UNI/TS 11300-2 [11]) and ηdist is the distribution efficiency of the heating system (assumed equal to 0.925 
according to the Standard UNI/TS 11300-2 [11]). Electric consumption associated to the operation of PCs, printers, 
pumps and electric boilers for domestic hot water production was neglected. The current status (without retrofit 
actions) of the investigated portions of the Abbey was not simulated and the total primary energy consumption Ep
was calculated based on a simplified approach. In particular, both the diesel-fired boiler and fan-coils were assumed 
operating under nominal conditions during 10 hours per day from November 15th up to March 31st (academic 
holidays and weekends excluded) as established by the Italian Law [12], whatever the indoor air temperature is. This 
assumption was based on the fact that currently the building is not equipped with thermostats to regulate the indoor 
air temperature according to a target value defined by the end-users. The lighting sources were assumed operating 
under nominal conditions according to the academic timetable during the whole year. 
The operating cost OCcurrent associated to both the heating system and lighting appliances in the current status was 
calculated based on the following equation: 
,
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where UCfuel is the average unit cost of fuel (assumed equal to 1.38 €/l for diesel according to the Italian market 
[13]), ρfuel is the density of fuel (assumed equal to 850 kg/m3 for diesel), LHVfuel is the Lower Heating Value of fuel 
(assumed equal to 44.4 MJ/kg for diesel), UCel is the average unit cost of electric energy (assumed equal to 0.20 
€/kWhel according to the Italian market [10]), Ep,B is the primary energy consumed by the boiler (calculated as the 
definite integral of the above-mentioned parameter Pp,B), Eel,FC is the electric energy consumed by the fan-coils 
(calculated as the definite integral of the above-mentioned parameter Pel,FC) and Eel,L is the electric energy consumed 
by the lighting appliances (calculated as the definite integral of the above-mentioned parameter Pel,L). The 
calculation based on Eq. 2 showed that the primary energy consumption Ep and the operating costs associated to the 
operation of both the space heating system and lighting appliances during the heating period in the current status 
(without retrofit actions) are, respectively, equal to 2.33E+02 kWh/(m2 year) and 3.69E+04 €. The calculated values 
were compared with the energy historical consumptions derived from the monthly billings of supply contracts and 
the comparison showed a good agreement, with a percentage difference of around -6% in terms of primary energy 
consumption and equal to around -4% with respect to electric energy consumption. 
3. Proposed retrofit actions
In order to both save primary energy and reduce operating costs during the heating season, four different retrofit
actions were proposed and analyzed. Both the primary energy consumption and operating costs associated to the 
proposed measures were calculated by simulating the building via the dynamic simulation software TRNSYS [8], 
widely used in literature to evaluate the performance of buildings upon varying the operating scenarios [14-19]. In 
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order to simulate the building performance, firstly a careful measurement of thermal transmittance of external and 
internal walls was carried out by adopting a wireless heat flux meter (characterized by an accuracy equal to ±5% (at 
20°C) for the heat flux and ±(0.10 + 0.0017Â|ts|) °C) for the surface temperature ts). The analysis required a 5-day 
monitoring, with appropriate time-steps of acquisition. Using several thermal sensors, placed on both sides of 
opaque walls, various portions of the building walls were studied, averaging possible errors due to local 
discontinuity; the in-situ monitoring and related analyses of the data were carried out in accordance to the indication 
provided by the international Standard ISO 9869 [20]. The measurements showed a thermal transmittance of opaque 
walls ranging from 0.699 and 1.484 W/m2K. Regarding the semi-transparent surfaces, the whole building had only 
one typology of window, characterized by a wood frame and a transparent system realized with a double glazing 3-
6-3 uncoated, with clear glasses and air gap; the thermal transmittance of the whole window was calculated
according to the European standard ISO EN 6946 [21]: a value of 3.47 W/m2K was obtained. The dynamic trend of
the external temperature was taken into account by using a specific EnergyPlus weather data file [22]; the internal
gains associated to people were calculated by assuming the students as seated and writing, while the internal gains
related to lighting appliances were evaluated by considering that 75% of their nominal electric consumption is
transferred to the indoor air as heat by convection and radiation. An air exchange rate due to air infiltration ranging
from 0.40 up to 0.48 volumes/h was use; the reference values of the air infiltration rate were assumed according to
the values suggested by the Standards UNI 12831 [23] and UNI/TS 11300 [24] taking into account that no
measurements were available. Retrofit action 1 considers the use of an on-off thermostat in each classroom in order
to control the indoor air temperature according to a target value defined by the end-users. A target temperature equal
to 20°C was assumed; this means that the heating system operates only in the case of the indoor temperature
becomes lower than the desired target during lesson times from November 15th up to March 31st (academic holidays
and weekends excluded). A diesel-fired boiler, with a nominal thermal efficiency calculated according to Eq. 1, was
used to supply the required thermal energy for space heating. Retrofit action 2 is the same as retrofit action 1, except
the target temperature for the indoor air temperature control: 18°C was used instead of 20°C. The only differences
between retrofit action 3 and retrofit action 1 can be summarized as follows:
• addition of an appropriate thickness of insulating panels (thermal conductivity equal to 0.023 W/mK) in order to
reduce the current thermal transmittance of the opaque external walls up to the threshold value (0.34 W/m2K)
imposed by the Italian Law for the climatic zone C [25];
• substitution of the current windows with new windows characterized by thermal transmittance values (2.10
W/m2K) compliant with the Italian Law for the climatic zone C [25];
• thanks to the improved quality of the window-seal associated to the new windows, a reduction of the air
exchange rate due to infiltration from 0.40÷0.48 volumes/h up to 0.12÷0.14 volumes/h was also assumed.
When compared to retrofit action 1, retrofit action 4 was different only in terms of the boiler for space heating
purposes; in substitution of the current diesel-fired boiler, a more efficient natural gas-fired condensing boiler 
(model BALTUR CONDECO 220 [9]) was selected. According to the manufacturer’s data, the thermal efficiency of 
the new boiler ηB,new is around 14% greater than the old one, with it being obtained by using the following equation 
as a function of boiler thermal output Pth,B,new: 
, , ,-0.000065 1.0893B new th B newPη = ⋅ + (4) 
4. Energy and economic performance of the proposed retrofit actions
The energy and economic performance of the building with the application of the four proposed retrofit actions
were calculated by using the software TRNSYS [8]. with a duration of the heating season equal to the conventional 
heating period established by the Italian Law [12] for the city of Aversa (from November 15th up to March 31st); a 
simulation time step equal to 1 hour was assumed. A maximum operation time (10 hours/day) was assumed for both 
the space heating system and lighting appliances according to the academic timetable (academic holidays and 
weekends excluded). The energy performance associated to the proposed retrofit actions was evaluated in terms of 
primary energy consumption based on the simulation results providing the thermal power required for space heating 
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and the electric consumption for the operation of both fan-coils and lighting systems. The boiler efficiency was 
calculated with Eq. 1 (for retrofit actions 1, 2, 3) or Eq. 4 (for retrofit action 4); the electric efficiency associated to 
the Italian electric grid (including transmission and distribution losses) was assumed equal to 0.461 [10].  
The economic results associated to the above-mentioned measures were estimated in terms of both operating 
costs OC and simple payback period SPB (i.e. the amount of time the retrofit action will take to recover the larger 
capital costs thanks to the reduction of the operating costs in comparison to the current scenario). The operating 
costs were evaluated according to the Italian scenario by assuming the unit cost of diesel equal to 1.38 €/l, the unit 
cost of natural gas equal to 0.82 €/m3 and the unit cost of electric energy equal to 0.20 €/kWhel. The Lower Heating 
Value of diesel and natural gas was assumed equal to 44.4 MJ/kg and 49.6 MJ/kg, respectively, while the density of 
diesel and natural gas was considered equal to 850 kg/m3 and 0.72 kg/m3, respectively. The total capital costs of 
each retrofit measure were calculated considering only the capital cost of the thermostats for both retrofit actions 1 
and 2; the capital costs of the thermostats, the insulating panels, and the new more efficient windows are taken into 
account for retrofit action 3; only the capital cost associated to the natural gas-fired condensing boiler was 
considered for retrofit action 4. The capital costs of a single thermostat, a single insulating panel, a single new 
window and the natural gas-fired condensing boiler were assumed equal to 7.00E+01 €, 2.06E+01 €/m2, 2.53E+02 
€/m2, 1.66E+04 € respectively. The simple payback period was evaluated according to the following formula: 
retrofit
current retrofit
CC
SPB
OC OC
=
−
(5) 
where CCretrofit is the total capital cost associated to the retrofit action, OCcurrent is the total operating cost 
associated to the current status and OCretrofit is the total operating cost achievable after the retrofit action; the 
maintenance costs were neglected. Figure 1a reports the percentage difference between the primary energy 
consumption associated to the current status of the Abbey and the primary energy consumption of the same building 
after the retrofit action as a function of the four different retrofit actions under investigation; in the same figure, also 
the operating costs of the Abbey under the current operation are compared with those achievable in the case of a 
retrofit action being realized. Figure 1b reports the values of the simple payback period SPB associated to each 
proposed retrofit measure. Figure 1 shows how the use of thermostats allows to achieve a large primary energy 
saving and operating cost reduction in comparison to the current status: retrofit action 1 reduces the primary energy 
consumption by 62.6% and the operating costs by 67.5%, while retrofit action 2 reduces the primary energy 
consumption by 66.2% and the operating costs by 71.3%. Thanks to the limited capital costs of thermostats, the SPB 
is very short for both measures: 5 months for retrofit action 1 and 4 months for retrofit action 2. When compared to 
the current scenario, retrofit action 3 allows to save 73.6% of primary energy and reduces the operating costs by 
79.1%. Comparing the results associated to retrofit action 3 with those of retrofit action 1, it can be highlighted how 
the addition of insulating panels and substitution of windows allows to reduce the primary energy consumption by 
an additional 11.0% and the operating cost by an additional 11.6%. Due to the large capital costs of insulation and 
new windows, the SPB is quite high and equal to about 8 years. Retrofit action 4 reduces the primary energy 
utilization and the operating costs by 64.3% and 74.0%, respectively, with respect to the current status. Figure 1 
highlights how substituting the current boiler with a more efficient one in addition to the utilization of thermostats 
allows to obtain an extra of both primary energy (1.7%) and operating costs (6.5%). Taking into account that the 
capital cost of the new boiler is not relevant, the SPB is very good (about 8 months). 
5. Conclusions
Four different retrofit actions were analyzed with the aim of reducing both the primary energy consumption and
operating costs associated to the operation during the heating season of the space heating system of an historical 
building in comparison to the current status. The analysis highlighted that the best option from both energy and 
economic point of views is using thermostats to regulate the indoor air temperature; the addition of insulating panels 
and the substitution of current windows provides a quite large value of the simple payback period; intermediate 
results can be obtained by using a natural gas-fired condensing boiler instead of the current diesel-fired boiler. 
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Fig. 1. (a) Primary energy saving, (a) operating cost reduction and (b) simple payback period as a function of the retrofit action. 
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